Tissue injury is associated with sensitization of nociceptors and subsequent changes in the excitability of central ( Hardy et al.
Hardy et al. (1) investigated two types of experimentally produced cutaneous hyperalgesia, primary and secondary. Primary hyperalgesia occurs at the site of injury; secondary hyperalgesia is associated with the injury, but occurs in ''undamaged tissues adjacent to and at some distance from the site of an injury.'' They proposed a ''new formulation'' to explain the spread of hyperalgesia away from the site of injury, namely that a central (spinal) excitatory state, and not a peripheral mechanism as advanced by Lewis (2) , was responsible for secondary hyperalgesia. Subsequent intensive study of the altered sensations that arise from and adjacent to injured tissues has supported this ''formulation'' and it is now widely accepted that mechanisms of primary and secondary hyperalgesia are, respectively, peripheral and central (e.g., see refs. 3, 4) .
The increase in excitability of spinal neurons after peripheral injury, termed central sensitization, has been extensively studied by Woolf and colleagues (see ref. 5 for overview). They documented that the enhanced reflex excitability after peripheral tissue damage did not require ongoing peripheral input, and that spinal dorsal horn neuron receptive fields expanded, responsiveness to suprathreshold stimuli increased, response thresholds decreased, and sensitivity to novel stimuli was acquired after peripheral injury. The focus of investigation has remained the spinal cord, and many investigators have since documented the importance of the spinal N-methyl-Daspartate (NMDA) receptor to the induction and maintenance of central sensitization (see ref. 6 for recent overview). A growing body of evidence, however, reveals a significant contribution of descending influences from supraspinal sites in the development and maintenance of central sensitization͞ secondary hyperalgesia. We review here and discuss evidence that peripheral tissue injury engages spinobulbospinal circuitry that may be important to the development and maintenance of central sensitization and secondary hyperalgesia.
Descending Facilitation. Although the potency of descending inhibitory influences has long been appreciated, the study and characterization of descending facilitatory influences have been more recent developments. Interestingly, inhibitory and facilitatory influences can be produced at many of the same sites in the brainstem, particularly in the rostral ventromedial medulla (RVM). Generally, low intensities of electrical stimulation or low concentrations of chemical (e.g., glutamate, neurotensin) facilitate spinal nociception, whereas greater intensities of stimulation or concentrations of chemical at the same sites typically inhibit spinal nociception (7) (8) (9) (10) . These dual influences appear to involve anatomically distinct independent spinal pathways and are mediated by different lumbar spinal receptors. For example, high-intensity electrical stimulation or high-dose glutamate or neurotensin injection into the RVM inhibits spinal nociceptive transmission via descending projections in the dorsolateral funiculi and activation of spinal cholinergic and monoaminergic receptors. In contrast, facilitatory influences from the RVM produced by electrical stimulation, glutamate injection, or neurotensin injection involve descending projections in the ventrolateral funiculi and are mediated by spinal serotonin and cholecystokinin receptors. (7, 9, (11) (12) (13) .
In addition to the RVM, adjacent medullary sites also have been implicated in descending facilitation of spinal nociceptive transmission. Electrical and͞or selective chemical stimulation in these areas have been shown to enhance spinal behavioral and dorsal horn neuron responses to noxious stimulation (14) .
Fields et al. (15) (17) (18) (19) . We hypothesize that there exists a spinobulbospinal circuit that contributes significantly to central sensitization and secondary hyperalgesia. Anatomically, this circuit is in place. Both the RVM and adjacent areas receive direct afferent input from the superficial spinal dorsal horn and in turn send descending projections through spinal funiculi that terminate in the superficial dorsal horn, completing a spinobulbospinal loop (20) (21) (22) (23) . We review below recent studies that document that spinal transection, or inactivation of supraspinal sites, prevents the expression of secondary hyperalgesia in a variety of animal models of persistent inflammatory, neurogenic, or neuropathic pain, thus providing the functional context in support of the anatomy (see Table 1 ).
Inf lammatory͞Neurogenic Models of Hyperalgesia. Mustard oil. Mustard oil (allyl isothiocyanate) is a chemical irritant that produces a neurogenic inflammation and excites chemosensitive C-fibers, resulting in behavioral hyperalgesia and central sensitization (24, 25) . An involvement of supraspinal sites in mustard oil-induced sensitization was reported by Mansikka and Pertovaara (26) , who found that tactile allodynia of the glabrous skin of the foot after topical application of mustard oil to the ankle was prevented in animals that had received spinal transection. Additionally, in spinally intact rats, the tactile allodynia was blocked after inactivation of the medial RVM by local lidocaine microinjection. The authors concluded that persistent nociceptor stimulation by topical mustard oil activates a positive feedback loop involving descending facilitatory influences from the RVM. In an electrophysiological study of spinal cord neurons, Pertovaara (27) subsequently reported that midthoracic spinal transection or lidocaine inactivation of the RVM blocked mustard oilinduced enhanced excitability of wide dynamic range neurons to mechanical stimulation. In these experiments, mustard oil was applied 1-2 cm outside the border of the receptive field of the spinal neuron. Thus, in both studies, the allodynia͞ hyperalgesia was tested at a site distant from the site of application of mustard oil (i.e., it was secondary in nature).
In related studies, we documented a significant contribution of descending facilitatory influences in a model of thermal hyperalgesia involving topical application of mustard oil to the hind leg and measurement of the spinal nociceptive tail-flick reflex (28) . It was found that midthoracic spinal transection or electrolytic lesion of the RVM prevented facilitation of the tail-flick reflex produced by mustard oil. To confirm an involvement of cells in the RVM in modulating this secondary thermal hyperalgesia, we found that RVM lesion using the soma-selective neurotoxin ibotenic acid resulted in a similar block of mustard oil-induced hyperalgesia (29) .
Active participation of descending facilitatory influences from the RVM in modulating mustard oil-induced hyperalgesia is supported further by evidence that NMDA and neurotensin receptors in the RVM modulate this secondary thermal hyperalgesia. As indicated above, neurotensin receptors (7, 8) and NMDA receptors (30, 31) in the RVM have been implicated in descending facilitation of spinal nociception. Selective blockage of these receptors should then modulate hyperalgesia. Indeed, intra-RVM injection of a selective neurotensin receptor antagonist (SR48692) or NMDA receptor antagonist [2-amino-5-phosphonovaleric acid (APV)] fully and dose dependently prevented mustard oil-induced facilitation of the tail-flick reflex (28, 30) . It is known that generation of nitric oxide (NO ⅐ ) is one downstream consequence of NMDA receptor activation (32) . In complementary studies, we showed that intra-RVM administration of the NO ⅐ -synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME), like the NMDA receptor antagonist APV, attenuated mustard oil-induced hyperalgesia (30) . Conversely, microinjection of the NO ⅐ donor GEA 5024 (or of NMDA itself) dose dependently facilitated the tail-flick reflex in naïve rats. The involvement of NO ⅐ in the RVM was further supported by a significant increase in the number of NADPH-diaphorase-labeled cells at the time of maximal mustard oil-induced hyperalgesia. Finally, in a model of visceral hyperalgesia in which the inflammogen zymosan is instilled into the colon, both APV and L-NAME given into the RVM 3 hr after colonic inflammation reversed the hyperalgesia for the duration of drug action, suggesting that the RVM plays a role in maintenance of the hyperalgesia (31) . Similar to what was seen in the model of mustard oil hyperalgesia, both NADPH-diaphorase-labeled cell numbers and the number of cells immunostained for the neuronal isoform of NO ⅐ -synthase were significantly increased in the RVM 3 hr after colonic inflammation. These results support a role for descending facilitatory influences in the maintenance of mustard oilinduced and visceral hyperalgesia involving activation of NMDA and neurotensin receptors in the RVM.
Carrageenan. Several models of hyperalgesia involving subcutaneous injection of carrageenan have been characterized. Carrageenan is a water-extractable polysaccharide obtained from various seaweeds. Injection of lambda carrageenan (a hydrocolloid that does not form a gel) into the plantar foot, or intraarticular injection into the knee joint, results in a localized inflammation, decreased weight bearing, guarding of the affected limb, and hyperalgesia (e.g., refs. 33 and 34). Carrageenan-induced hyperalgesia is believed to occur as a consequence of sensitization of primary afferent nociceptors and neuron plasticity intrinsic to the spinal cord (35, 36) .
Herrero and Cervero (37) first reported that the A-and C-fiber mediated wind-up of flexor motoneurons after intraarticular (knee) carrageenan injection was prevented by spinal transection. They concluded that supraspinal modulatory systems, either direct excitatory influences on spinal neurons or release of local inhibitory controls, are essential for wind-up. We examined a potential contribution of descending facilitatory influences from the RVM to enhanced behavioral nociceptive responses after intraplantar or intraarticular (knee) injection of carrageenan (29) . Intraplantar injection of carrageenan and subsequent thermal stimulation of the plantar surface of the hindpaw is a model of primary hyperalgesia; intraarticular injection of carrageenan and subsequent thermal stimulation of the plantar surface of the hindpaw is a model of secondary hyperalgesia. Inactivation of the RVM by lidocaine microinjection reversed, and prior permanent inactivation of the RVM by ibotenic acid lesion completely blocked, facilitation of the thermal paw-withdrawal response after intraarticular carrageenan injection. RVM inactivation by either lidocaine or ibotenic acid was ineffective, however, in preventing thermal hyperalgesia after intraplantar carrageenan injection (i.e., model of primary hyperalgesia). These results suggest that these two models of carrageenan-induced thermal hyperalgesia are differentially modulated in the central nervous system. Additionally, similar to mustard oil-induced secondary hyperalgesia, intra-RVM injection of a selective neurotensin receptor antagonist (SR48692) or NMDA receptor antagonist (APV) was found to block facilitation of the thermal pawwithdrawal response after intraarticular, but not intraplantar, carrageenan injection (Fig. 1) . These results further support a contribution of descending facilitatory influences to secondary hyperalgesia that is mediated by neurotensin and NMDA receptors in the RVM.
Formalin. Subcutaneous injection of formalin into the dorsum of the rodent hindpaw is a well characterized model in which animals exhibit spontaneous pain behaviors (shaking, licking of the injected hindpaw) as well as hyperalgesia (38, 39) . Additionally, formalin has been shown to produce secondary hyperalgesia after subcutaneous injection into either the hindpaw or tail (40, 41) . A significant contribution of supraspinal sites to formalin-produced secondary hyperalgesia was reported by Wiertelak et al. (41) , who found that spinal transection prevented facilitation of the tail-flick reflex after formalin injection into the hindpaw. That activation of descending facilitatory influences from the RVM modulates this hyperalgesia was subsequently supported by the finding that electrolytic lesion of the RVM prevented facilitation of the tail-flick reflex after formalin injection (42) .
Neuropathic Models of Hyperalgesia. Animal models of neuropathic pain generally involve loose ligation of peripheral nerves, which results in spontaneous pain behaviors, enhanced responses of spinal-dorsal horn nociceptive neurons, and hyperalgesia (for review, see ref. 43) . A contribution of supraspinal sites to neuropathic pain after spinal nerve ligation was initially reported by Pertovaara et al. (44) . In that study, the tactile allodynia that develops after unilateral ligation of the L 5 and L 6 spinal nerves was found to be attenuated by inactivation of the RVM by lidocaine injection. The lidocaine effect was determined to be localized within the RVM and independent of an opioid mechanism, suggesting an inactivation of a descending facilitatory influence from the RVM. These results were supported in a subsequent study (45) , in which spinal transection was found to abolish the tactile allodynia as well as thermal hyperalgesia produced by ligation of the L 5 and L 6 spinal nerves. Additionally, Kauppila (46) found spinal transection to block mechanical hyperalgesia observed after a chronic sciatic nerve cut. Thus, neuropathic pain after peripheral nerve injury appears to involve, at least in part, activation of descending facilitatory influences from supraspinal sites, including the RVM. Ϭropcapli9
Illness-Induced Models of Hyperalgesia. The systemic administration of lipopolysaccharide (LPS) has been shown to produce a number of symptoms associated with illness, such as fever, lethargy, decreased food and water intake, and increased sleep (for review, see ref. 47 ). Additionally, administration of LPS produces hyperalgesia through the release of peripheral cytokines (e.g., IL-1␤) from immune cells (48, 49) . In a series of experiments, Watkins et al. (49, 50) determined that facilitation of the tail-flick reflex after intraperitoneal injection of LPS does not involve primary afferent nociceptor input to the spinal dorsal horn. Instead, a novel circuit was proposed involving IL-1␤ activation of hepatic vagal afferent fibers that terminate in the nucleus tractus solitarius (NTS). Consistent with this proposal, electrolytic lesion of the NTS or RVM was found to block facilitation of the tail-flick reflex produced by intraperitoneal LPS. Because the NTS and RVM are reciprocally connected, direct afferent input to the RVM may mediate this effect, although Watkins et al. (50) implicated an unidentified site rostral to the midmesencephalon as an important relay. This interpretation is consistent with earlier studies of biphasic effects of electrical stimulation of vagal afferent fibers (see ref. 51 for review). In those experiments, low-intensity stimulation of vagal afferent fibers was documented to facilitate spinal nociceptive reflexes (tail-flick reflex) and spinal dorsal horn neuron responses to noxious stimuli. The facilitatory effect of vagal stimulation was abolished after midcollicular decerebration, implicating an NTS-forebrain circuit in descending influences that ultimately exit the brainstem via the RVM. Although the tail-flick reflex is a spinally organized response, facilitation of this reflex after intraperitoneal LPS similarly appears to involve activation of descending facilitatory influences from the RVM.
Primary vs. Secondary Hyperalgesia. We and others have studied the effects of spinal cord transection and of reversible (lidocaine) or permanent (ibotenic acid) inactivation of the RVM in models of primary and secondary hyperalgesia after peripheral tissue insult. The results reviewed above uniformly support the hypothesis that facilitatory influences from the brainstem significantly contribute to secondary, but not primary, hyperalgesia. What has not yet been addressed specifically is whether the RVM is necessary and sufficient for development or for maintenance of secondary hyperalgesia. Intra-RVM injection of lidocaine reverses, in a time-limited fashion, already established secondary hyperalgesia, suggesting a clear role for the RVM in maintenance of secondary hyperalgesia. Other studies reveal that spinal-cord transection or soma-selective lesion of the RVM prevents development of secondary, but not primary, hyperalgesia. Accordingly, available evidence suggests that the RVM is important to both the development and maintenance of secondary hyperalgesia. The studies reviewed here all have examined behavioral consequences of peripheral tissue insult, and there are limited data available yet with respect to the direct influence of the RVM on spinal neuron plasticity (central sensitization).
Two studies have examined changes in spinal neuron behavior associated with peripheral tissue insult. Schaible et al. (52) examined, in the cat, the effect of acute inflammation of the knee joint with a mixture of kaolin and carrageenan on spinal dorsal horn neurons. They documented that spontaneous activity and responses to both innocuous and noxious stimulation of the joint were increased progressively as the inflammation progressed. Neuron activity and responses to stimulation were increased further when spinal cord transmission was interrupted temporarily by cold block of the lower thoracic spinal cord. They concluded that spinal neuron hyperexcitability associated with a peripheral inflammation was counteracted by enhancement of descending inhibitory influences. Ren and Dubner (53) studied, in the rat, the effect of lidocaine injection into the midline RVM on spinal neuron responses to stimulation of a hindpaw inflamed with complete Freund's adjuvant. During the action of lidocaine, neuron spontaneous activity and responses to mechanical and thermal stimulation applied to the hindpaw were significantly increased, which was interpreted to indicate that peripheral inflammation leads to an enhanced descending inhibition. Both of these studies used models of primary hyperalgesia (stimuli were applied to the injured tissue). Both also noted, however, an increase in the size of neuron receptive fields, usually taken as an indication of secondary hyperalgesia. Although neither report directly addresses the hypothesis advanced here, both contribute relevant information. Both document an active modulation by the brainstem of spinal neuron excitability in the presence of tissue injury, confirming activation by peripheral noxious inputs of descending inhibition that can modulate further spinal nociceptive transmission.
The generality of the present hypothesis remains to be established. Most of the studies done to date have examined secondary thermal hyperalgesia. Thermal hyperalgesia is widely used in studies with nonhuman animals, but secondary thermal hyperalgesia is not of significant consequence in most instances of tissue injury in humans. The extent to which secondary mechanical hyperalgesia is modulated by the RVM is unclear. The limited data available to date relate to tactile allodynia and mechanical hyperalgesia in models of neuropathic pain. Additional studies that use other models of hyperalgesia are necessary. Models of chemically produced hyperalgesia, which may involve more selective actions on different types of nociceptors, have not been studied extensively. Secondary thermal hyperalgesia produced by topical application of the C-fiber excitant mustard oil has been documented by several investigators to be inf luenced by the RVM. Whether secondary hyperalgesia produced by intradermal injection of capsaicin, which acts at the vanilloid-1 receptor, is similarly modulated by the RVM has not been reported.
It is also unknown how blockage of central sensitization at the level of the spinal cord (by antagonism of the NMDA receptor, for example) influences the RVM. It may be that the spinal cord and RVM are both necessary and sufficient to development and maintenance of secondary hyperalgesia. Results reviewed here clearly indicate that central sensitization at the level of the spinal cord can be modulated by the RVM, even if the spinal cord is the portal of first entry of the relevant FIG. 1. Involvement of descending facilitatory influences from the RVM in models of secondary, but not primary, thermal hyperalgesia after peripheral inflammation. (A) RVM lesion produced by ibotenic acid prevented facilitation of the thermal paw-withdrawal response after intraarticular carrageenan͞kaolin injection into the knee (t test, P Ͻ 0.05), but was ineffective in preventing facilitation of the thermal paw-withdrawal response after intraplantar carrageenan injection into the foot (model of primary hyperalgesia). (B) Intra-RVM microinjection of the NMDA receptor antagonist APV (1 pmol͞1 l), or (C) intra-RVM microinjection of the neurotensin receptor antagonist SR48692 (3 nmol͞1 l) attenuated secondary, but not primary, hyperalgesia (t test, P Ͻ 0.05). All data are represented as mean Ϯ SEM of the percent change in thermal paw-withdrawal latency (%) from the control response for the ipsilateral (inflamed) hindlimb. In experiments involving ibotenic acid RVM lesion, responses are represented at the time of maximal hyperalgesia (3 hr after carrageenan injection). Intra-RVM microinjection of APV or SR48692 was performed at the time of maximal hyperalgesia (3 hr), and responses are represented at the time of maximal drug effect after intra-RVM injection (10 min).
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Colloquium Paper: Urban and Gebhart Proc. Natl. Acad. Sci. USA 96 (1999) input. Temporally, input to the spinal cord likely precedes receipt of similar input in the brain stem, but it may be that other avenues of input (e.g., via the vagus) provide an important (more important?) trigger for the RVM. Returning to the formulation advanced almost 50 years ago by Hardy et al. (1) , we believe that a dominant active influence from the brainstem is necessary for the expression of secondary hyperalgesia (see Fig. 2 ). We acknowledge that there are likely multiple supraspinal sites involved in responding to peripheral tissue insult. Indeed, the limited data available suggest that forebrain sites can play an important role, even if the RVM is the final common pathway of facilitatory influences that mediate spinal neuron excitability. 
